Realisation of a device intended for the manipulation and detection of beadtagged DNA and other bio-molecules is presented. Acoustic radiation forces are used to manipulate polystyrene micro-beads into an optical evanescent field generated by a laser pumped ion-exchanged waveguide. The evanescent field only excites fluorophores brought within ~100nm of the waveguide, allowing the system to differentiate between targets bound to the beads and those unbound and still held in suspension. The radiation forces are generated in a standing-wave chamber that supports multiple acoustic modes, permitting particles to be both attracted to the waveguide surface and also repelled. To provide further control over particle position, a novel method of switching rapidly between different acoustic modes is demonstrated, through which particles are manipulated into an arbitrary position within the chamber.
Introduction
Acoustic radiation forces are a promising alternative to optical trapping as a means of manipulating micron-scale particles and biological cells. 1 Commercial systems using acoustic particle manipulation are rare, however we anticipate increasing uptake of this technology in the coming years as modelling and insight into the operation of standing-wave devices is advancing rapidly. In this paper, we report on work to improve the level of control over particle positions within microfluidic devices, and describe a system which consists of a multi-modal ultrasonic standingwave particle manipulator with an optical waveguide integrated into its glass acoustic reflector layer. By coupling laser light into the waveguide, the resulting evanescent field illuminates fluorophores and microbeads when they are moved into the evanescent field, which may then be detected using a CCD camera.
The number of applications using microbeads for bio-assays and nano-scale characterisation are growing rapidly. This stems in part from the high tolerance with which uniform populations of microbeads can be manufactured using precipitation, and emulsion or suspension polymerisation; standard deviations of less than 1% are available on 6µm diameter beads, and a wide range of useful functional groups can be attached to bead surfaces.
In many biological immunoassays 2 and DNA-hybridisation based assays 3 , functionalised beads are used as a disposable component, overcoming the difficulty of renewing sensing surfaces. Typically, a magnet is used to hold beads with a magnetic core steady against a flow or the magnet is moved around to promote mixing. 4 The advantage of microbead based assays over conventional plate arrays is the high surface area of the bead which promotes higher reaction rates, the flexibility of being able to choose which beads are injected, and lower cost. However, the magnetic based systems do not offer fine control over bead position. Acoustic radiation forces are therefore a promising alternative; as well as being capable of trapping beads against a flow 5 , various strategies have been developed to control bead position (for example, Harris et al. 6 , Kozuka et al. 7 ). In combination with recent advances in bead tagging such as the multiplexed optical coding of microbeads using quantum dots 8 , there are many potential applications for acoustic particle manipulation. Many of the leading next generation DNA sequencing projects (e.g. 454 Lifesciences and SOLiD, Applied Biosystems) use microbeads as a substrate for the sequencing reactions. Ultrasonic radiation forces could also be used in applications like these to speed the mixing of the beads, and for moving beads more quickly into array structures.
Acoustic bead manipulation also offers a micro-scale platform for probing surfaces and bio-molecules at the nano-scale. Ruedas-Rama et al. 9 describe surfaceenhanced Raman spectroscopy (SERS) on metallised beads held in an ultrasonic standing wave. In other areas we note that acoustic radiation forces could be used in place of optical tweezers or magnetic beads for nano-scale characterisation: Nuhiji and Mulvaney 10 demonstrate the detection of low abundance oligonucleotides by detecting the shift in frequency of the optical whispering gallery modes induced in a fluorescent microsphere. Lutti et al. 11 investigated the increased quality factor of these resonances when microbeads are suspended by optical tweezers.
Acoustic radiation forces have been demonstrated to be useful for handling micron-scale biological cells, performing operations such as fractionation 12, 13 , cell preparation 14, 15 , formation of cell aggregates for cell interaction studies 16 , and for biosensor enhancement 17, 18 . Although ultrasound can be used to destroy 19 or sonoporate cells 20 , there is growing evidence that at the intensity levels required for manipulation, cell viability 21, 22 and their ability to proliferate 23 is maintained.
Gor'kov 24 derives the time-averaged acoustic radiation force on a spherical particle of volume V as
where the force potential, ) (r φ , is given by
The ratio of particle density to fluid density is λ, σ is the ratio of the speed of sound in the particle to that in the fluid, and ) (r E kin and ) (r E pot are the time averaged kinetic and potential energy densities of the sound wave in the fluid. In the systems described in this paper, the potential energy term dominates the kinetic energy term in equation (2) . The average potential energy is proportional to the square of the acoustic pressure amplitude.
Single molecule strands of DNA were first manipulated using magnetic beads in 1992. 25 Double stranded DNA was chemically attached to both the bead and a glass surface, and probed for its force-extension characteristics. In the future, we intend to use the chamber presented here to manipulate bead tagged DNA in a similar manner, observing the fluorescence signature as fluorophore tagged DNA is manipulated in the evanescent field, with an aim of exploring methylation in DNA.
A: Controlling particle position within an acoustic particle manipulator
In this paper, we first (sections A) present a flexible acoustic manipulation device that supports multiple acoustic modes. The nodal planes at which standingwave acoustic particle manipulation devices focus particles have traditionally been determined by the geometry of the device and its associated resonances. We describe here two methods of producing a more flexible manipulator: A multi-modal design, and a mode-switching scheme. By combining these methods, a finer degree of particle positioning is possible, which will be useful in many of the applications described above.
B: Identification of microspheres by through flight time measurements with optical waveguide detection
We demonstrate a sensing technique that characterises a population of particles based on the acoustic radiation force they experience. This technique may have applications in identifying beads based on their size when multiplexing between several bead types within a single assay, or when the mass of the bead is unknown or changing.
Polystyrene beads of different sizes are distinguished from each other by the time they take to travel between the centre of the fluid chamber (having been positioned there by the half-wave acoustic mode) and the surface of an integrated ionexchanged waveguide, under the action of the quarter-wave acoustic mode. The acoustic radiation force, F, on the particle as it travels is proportional to its volume, and hence bead radius, r, cubed. The viscous Stokes drag leads to a terminal velocity,
where η is the effective dynamic viscosity of the fluid 26 . The effective viscosity takes account of the increased drag force experience by the bead as it approaches the wall due to squeeze-film effects. By replacing F with a function of r cubed (since the force is proportional to particle volume) in equation (3), it can be seen that the flight time over a fixed distance, is proportional to 1/r 2 .
Fluorescence-based planar waveguide sensing technology using a surfaceconfined evanescent field is widely used in biosensors and chemical sensors in order to achieve lower detection limits, reduced sample consumption and an increased degree of multiplexing capability 27, 28 . An optical evanescent field is produced when light is guided along a waveguide, undergoing total internal reflection at an interface. The field decays exponentially as a function of distance from the interface (in this case the waveguide surface). The penetration depth -the distance from the surface at which the field is 1/e of its original value at the surface -is a function of the refractive indices and dimensions of the waveguide and the medium, and is generally of the order of 100nm. An advantage of using this type of illumination to view beads near a waveguide is that light only reaches those fluorophores or beads manipulated to the waveguide surface. Zourob et al. 29 present a metal-clad leaky waveguide in combination with ultrasonic radiation forces to detect bacterial spores by driving them onto an antibody functionalised surface.
While some evanescent field excitation methods use highly multimode waveguides such as microscope slides as total internal reflection fluorescence (TIRF) elements 2 , we use a shallow single mode waveguide embedded in the glass surface. This approach has the advantages that it is easier to create a uniform field of illumination over the glass surface due to the defined modal intensity distribution, and a much larger proportion of the power is present in the evanescent field, yielding greater sensitivity.
C: Enhancement of bead-based fluorescent assays
Finally, we demonstrate that ultrasonic radiation forces can be used to enhance the binding of Streptavidin functionalised microbeads to a biotin functionalised surface, helping to bring beads quickly to the surface and also overcome electrostatic repulsion between them. We further show that under the action of another acoustic mode, non-specifically bound control beads can be driven away again. This technique can eliminate the need for centrifuging samples, useful in remote sensor applications, and could also be used as the basis for a new type of assay.
Experimental

A: Control of particle position
The operation of a standing-wave particle manipulator is sensitive to small changes in its axial dimensions so, for the purposes of experimentation, a design has been adopted (shown in figure 1 ) that allows the chamber height to be varied by substituting a range of different sized laser cut spacers. Table 1a lists the key dimensions of the device. The chamber floor is formed from macor, a machinable ceramic, with a PZT transducer (a disc of PZT26, Ferroperm,) glued (Epotek 301 epoxy) to the reverse side. The walls of the fluidic chamber are formed by a moulded PDMS gasket to prevent the steel spacer coming into fluidic contact with the sample, and also to reduce the strength of lateral acoustic modes that cause variations in the radiation force across the width of the device. The roof of the chamber (the acoustic reflector) is formed by a sheet of BK7 glass, into which an ion-exchanged optical waveguide has been incorporated (see below). Fluidic connections are supplied via a PMMA manifold which connects to the fluidic chamber via ports in the macor layer, with PDMS gaskets to seal the connection. An aluminium clamp holds the assembly together. The ultrasonic transducer is powered by an RF-amplifier (ENI 240L) driven by a sine-wave from a signal generator (TTi TG1304).
To simplify the design of the device, the acoustic resonance can be modelled as a one dimensional plane wave, using a transfer impedance model 30 . This approximation ignores any lateral acoustic modes, but is sufficiently accurate to inform the design process and predict the performance for several different axial modes within a single device. The transducer representation used by Hill et al. 30 , was replaced by a KLM circuit model 31 extending the operating frequency of the model beyond the first resonance.
To measure the strengths of each of the modes, a polystyrene bead is held in the acoustic field, and the drive voltage steadily reduced until the bead begins to sediment. Thus the voltage at which the acoustic force is exactly balanced by the gravitational forces is determined. 18 It follows from equation (1), that the radiation force on a bead is proportional to the acoustic energy density and hence to the square of the drive voltage, enabling the forces at the operational drive voltage of 19Vpp to be estimated
B: Identification of microspheres by through flight time measurements with optical waveguide detection
BK7 glass was chosen as a substrate for the waveguide fabrication. Key factors influencing this choice included requiring glass that is: (a) sodium rich to enable an ion-exchange waveguide to be produced; (b) low in impurities and bubbles that cause light losses due to scattering; (c) low in auto-fluorescence at the working wavelength; and (d) chemically resistant to most biological buffers.
A Potassium ion-exchanged waveguide was produced following the method described by Gortych and Hall 32 , with a diffusion time of 60 minutes at 385ºC. This leads to an estimated diffusion depth of 2.3µm and effective waveguide index of 1.52. The propagation loss of the resulting waveguide was measured to be 0.16dB/cm.
Laser light from a 632.8nm He-Ne laser (Melles Griot) was coupled into the waveguide using prism coupling: a ray of light striking the bottom of the prism is internally reflected, establishing an evanescent field that tunnels across the coupling gap into the waveguide. To satisfy the phase matching condition (the refractive index of the prism must be higher than that of the periphery of the waveguide) an SF11 prism was used (Edmund Optics NT45-949, n=1.778 at 632.8nm). In a more developed device, the prism coupling could be replaced by pig-tail coupling which would create a smaller, more portable device where the laser alignment is fixed at the time of manufacture, or grating coupling where assembly is simplified. For the experiments described below, the chamber was observed with a CCD camera (Basler A202kc) using a 25x microscope objective lens.
Polystyrene microspheres of diameters 10µm, 20µm (Polysciences Inc., Fluoresbrite microspheres #19096, #18140) and 6µm (Invitrogen PeakFlow Ultra Red, P24671) are diluted with de-ionised water to concentrations of 1.1x10 6 , 0.2x10 6 and 1x10 6 beads/ml, respectively, (the lower concentration of 20µm beads ensures that the beads are laterally distinct from one another). The flow chamber is primed by first flushing out bubbles through with a mixture of 50% IPA, 50% water, then flushed with de-ionised water for 1 minute. The beads are introduced by a peristaltic pump, and the flow stopped. The device is oriented with the waveguide vertically below the fluid layer, so beads naturally fall towards the waveguide. To lift the beads, first the carrier-quarter-wave acoustic mode (at 19Vpp transducer voltage) is applied (the half-wave mode has an anti-node in the chamber, and will not lift beads from the waveguide surface), followed by the half-wave mode (at 19Vpp). This is held for 1 minute to ensure that all the beads are in their equilibrium position, approximately half way between the reflector and carrier layers. The CCD camera is set to capture at a rate of 30frames/sec. At this point the quarter wave-mode (at 19Vpp) is applied to drive the beads towards the reflector.
C: Enhancement of bead-based fluorescent assays.
A glass slide was prepared with a biotin surface functionalisation. Prior to silanization, the glass slide surface was cleaned by sequentially immersing it with ultrasonic agitation in ethanol, isopropanol, then de-ionized water, 10 minutes at each step, with further rinsing in de-ionized water. The surface was activated by immersing the slide in a piranha etch for 15 minutes. Silanization was performed by immersing the slide for 3h in a 0.1% solution of 3-aminopropyl-trimethoxysilane at room temperature. Finally, the slide was soaked for three hours in a 0.2% solution of biotin-PEG-NHS, Mr 3400 (Creative PEGWorks, USA, all solutions in 18.2MΩcm ultrapure water).
A population of polystyrene beads (diameter 6µm) were prepared as follows: both Cy5.5 labelled beads (Invitrogen, P24671) and Streptavidin functionalised beads (Bangs labs, CP01N) were washed, first with TTL buffer (100 mM Tris-HCl, pH 8.0, 0.01% Tween20, 1M LiCl), and then TT buffer (250 mM Tris-HCl, pH 8.0, 0.01% Tween 20), and then re-suspended in 10 mM Tris-HCl, pH 7.5, 2.0 M NaCl, 1 mM EDTA buffer. To this Tween20 was added to a concentration of 0.1%, resulting in a mixture with 5.4x10
5 STV beads/ml and 2.3 x10 5 Cy5.5 beads/ml. This mixture was flowed into a chamber of the dimensions listed in Table 1c . This chamber operates in a similar manner to the multi-modal device described above, with carrier-quarter and reflector-quarter waves at frequencies of 2.147MHz and 2.255MHz respectively. The strength of these two modes was measured using the force-balance method described above. At an operating voltage of 16.5Vpp the force on a 6µm diameter bead at the functionalised surface is predicted (by combining the measured force amplitude with the model force profile predicted by the transferimpedance model described above) to be 0.81pN away from the waveguide and 1.4pN into the waveguide respectively.
A microscope halogen light-source is directed at the roughened end of the glass slide using a microscope light tube. Light scattered from this point is guided along the slide and sets up an evanescent field, illuminating any beads that are in contact with the slide in the chamber. These are observed with an inverted epifluorescence microscope (Olympus IX71) with a 10x objective lens. By also using a Cy5.5 filter set, the two types of beads can be distinguished. This multimode waveguide was used for the measurements described in this section since they were performed before the development of the integrated ion-exchanged waveguide described above. This waveguide was adequate for determining whether beads adhered to the surface, but in more demanding applications the ion-exchanged waveguide will allow more sensitive detection.
Results and Discussion
A: Control of particle position The device supports three distinct modes of operation, corresponding to three different drive frequencies which each excite different types of resonance within the layers of the device.
(a) The reflector-quarter-wave mode (named because at this frequency the fluid layer has a thickness of approximately λ/4, and there is a strong resonance in the glass reflector layer, where λ is the wavelength at the operating frequency). In this mode the resonance in the reflector produces an effective pressure release boundary condition at the interface between the fluid chamber and the reflector. The modelled pressure profile and corresponding acoustic radiation force profile are shown in Figure 2 , along with those for the following modes. The radiation force is plotted for a 10µm diameter polystyrene bead, which will be attracted to the pressure node of the standing wave. Depending on their acoustic contrast factor 33 most particles (including biological cells) will experience a force to this plane, however some (e.g. lipids in water 34 ) will be driven towards the pressure anti-node. In most previously described quarterwave mode devices 18, 35 the force on the particle tends to zero as the chamber wall is approached, which is problematic if it is necessary to ensure that beads are driven reliably onto the surface (e.g. for surface immunoassays 18 ), as small lateral variations can result in the particle never reaching the wall. However, in this case the actual fluid thickness is 0.74 λ/4, combined with a reflector of thickness 1.027 λ/2, resulting in a positive force into the reflector even when the bead has reached the surface. An unwanted side effect of this design is that there is a pressure anti-node near the carrier layer, and any particles between this anti-node and the carrier layer will experience a force away from the reflector.
(b) In the carrier-quarter-wave mode the thicknesses of the carrier layer and transducer are in resonance (i.e. their combined thickness is close to λ/2). This is similar in operation to a reflector-quarter-wave mode except that the resonating reflector has been replaced by the resonating carrier/transducer combination -i.e. a pressure release boundary condition is formed at the fluid/carrier interface 6 . The result is a force profile that exerts a force towards the fluid/carrier interface on a particle at any position within the fluid layer. Similar to the reflector-quarter-wave case, the fluid thickness is close to but less than λ/4 to ensure that there is a reasonable force at the interface.
(c) The third mode used in the device is a half-wave mode: The fluid channel has a depth close to λ/2, resulting in a pressure distribution with a node close to the centre of the channel.
These three modes permit the manipulation of particles towards the reflector, away from the reflector, and to the centre of the channel respectively.
The strengths of the different modes are shown in Table 2 . These values have an estimated error of 8%, associated with the difficulty in distinguishing between a particle sedimenting very slowly and one still being held.
Mode-switching
It has been found that by switching rapidly between a reflector-quarter and half-wave mode (modes (a) and (c)), it is possible to bring a particle to a point of quasi-stable equilibrium at any position between the chamber centre and at the reflector surface. Control over particle position is attained by varying the duty-cycle of the two modes.
If the switching frequency is sufficiently high compared to the time it takes a particle to move to a region of different acoustic intensity, then the net effect on a particle can be approximated as the duty-cycle weighted average of the force induced by each mode separately. It is found that the average force forms an equilibrium point so that even in the absence of a feedback/control system all the particles in the cell are moved towards a new effective nodal plane (i.e. it is as if the pressure node in the chamber can be moved). Figure 3 shows the position of a particle under the action of various proportions of the two modes at a switching frequency of 100Hz, compared to the modelled position. The large experimental error bars are a result of using the focussing depth of the microscope (Motics, B3 professional series) as a measure of particle position -a relatively crude measure. For these measurements, the device dimensions have been changed to those listed in Table 1b , reflecting an earlier experimental configuration. The reflector-quarter-wave and half-wave frequencies of operation for this device are 1.880 MHz and 4.396 MHz respectively. This is the first time that this type of control over particle height within an acoustic particle manipulation device has been demonstrated, and it has potential for expanding the range of applications of acoustic radiation forces.
B: Identification of microspheres by through flight time measurements with optical waveguide detection
Initially positioned at the centre of the chamber, the beads are not illuminated; under the action of the reflector-quarter-wave mode, they are seen to arrive at the waveguide surface, scattering light as they enter the evanescent field. By postprocessing the captured images, the graphs shown in figure 4 are produced, which show the proportion of beads that have arrived versus time. The data represents the combined data from 15 separate experiments, 5 for each bead size, viewing bead arrivals in an area approximately 1 mm x 1 mm (the field of view of the CCD camera).
The results show that for a particular bead size the arrival times are distributed around a mean arrival time, with sufficiently small standard deviation that the majority of the beads can be identified based on their arrival time at the reflector. Thus, to multiplex between populations of beads simultaneously present in a chamber, a number of images could be acquired over a period of time and the signal from each population determined by suitable post-processing.
In an ideal situation all beads of a given size would arrive at once. There are several factors that lead to the distribution of flight-times found in the experiments: (a) the beads vary in diameter (Standard deviations of 1.1%, 3.3%, and 13% for the 6µm, 10µm, and 20µm beads respectively), (b) the strength of the half-wave mode varies across the width of the chamber, (c) the strength of the downward force from the quarter-wave mode varies across the chamber, and (d) Brownian motion of the beads adds a random component to their trajectory.
C: Enhancement of bead-based fluorescent assays
Initially, beads were introduced into the chamber and allowed to settle under the action of gravity alone. After a period of 270 seconds, only ~1% of the population (of typically 100 beads in the 1mm x 1mm observation area) were observed clearly scattering the guided white light. From the Stokes' drag formula with corrections for the effect of an approach to a rigid wall 36 (see above), the time for a polystyrene bead to fall the full chamber height to within 100nm of the glass waveguide is 140 seconds (the penetration depth of the evanescent field is of the order of 100nm). Enhancing the image, it can be seen that many beads are floating close (within the range of the evanescent field) to the waveguide, varying in intensity as they undergo Brownian motion. We suspect that the failure of beads to reach the glass is due to the presence of a charge on both the bead and the glass, causing the bead to be repelled from the surface. Sharp et al. 37 demonstrated that a plain 4.5µm polystyrene bead suspended next to an untreated glass surface in 0.5mM NaCl can experience repulsive forces of the same order as its sedimentation force at separations of around 100nm. In our case, the presence of the surfactant, Tween 20, will also have an effect on the interaction. Such an interaction can be an obstacle in microbead assays that rely on sedimentation forces alone.
If instead of waiting for sedimentation, the reflector-quarter-wave ultrasonic mode is activated once the beads are in the chamber, the beads are seen to move to the glass surface and hence scatter white light with uniform intensity within approximately 1 second of activation. The radiation force is thus strong enough to overcome the potential barrier caused by any surface charges. The reflector-quarterwave mode was left activated for 80 seconds, and then the device switched to the carrier-quarter-wave mode to lift away any unbound beads. After 90 seconds of applying this force, it was found that 90% of the Streptavidin beads remained bound to the surface, whilst 80% of the Cy5.5 labelled beads had been removed. It was further found that a 0.5s burst of 2mms -1 flow through the chamber was sufficient to dislodge further Cy5.5 labelled beads, such that 92% of them in total had been removed.
This experiment has not been optimised to produce the kind of ratios between specifically bound and non-specifically bound beads that would be required for many bio-assays, however it does demonstrate the efficacy of the ultrasonic radiation forces in moving the beads to an active surface, and also overcoming repulsive double-layer forces. This type of arrangement also has potential applications in devices and sensors that probe the strength of particle/wall interactions.
Conclusions and Future Work
We have demonstrated that enhanced flexibility over particle position can be achieved in acoustic particle manipulation devices through a combination of multimodal design, and a novel technique of switching rapidly between different modes. This provides a tool for probing nano-scale systems in a manner similar to that possible with optical tweezers. In contrast to optical tweezers, the standing wave devices are relatively cheap, compact and robust -an important consideration in industrial and portable sensing applications. There is also evidence that the ultrasonic energy does not affect the viability of biological cells 21, 22 . The technology is also promising for replacing magnetic beads in many bio-assays, providing finer control over beads, enhancing bead to surface interaction, and reducing cost by eliminating the specialised magnetic beads. The integrated optical wave guide permits fluorescence probing at the fluid/reflector interface.
Current work is investigating the stretching of DNA that has been tethered between a bead and the waveguide, and using the evanescent field in conjunction with fluorophore tagged probes and antibodies to probe aspects of the DNA over distances of the order 10 4 base pairs. 
